16 O spectrum, presented by Polyansky et al. (1996, J. Mol. Spectrosc. 176, 305-315), is extended to higher vibrational states. Three hundred thirty mainly strong lines are assigned to pure rotational transitions in the (100), (001), and (020) vibrational states. These lines, which involve significantly higher rotational energy levels than were known previously, are assigned using high-accuracy variational calculations. Transitions in (020) are assigned up to K a Å 18, compared with the maximum K a of 10 known previously. Crossings of vibration-rotation energy levels result in the observation of extra intensity-stealing transitions. In particular, this leads to the assignment of (020) - (100) and (100) - (020) rotational difference band transitions in addition to the conventional pure rotational lines in (020) and (100) states. These extra lines increase the number of transitions and they are likely to complicate the pure rotational water spectrum in higher excited vibrational states to an even greater extent. A few lines from our previous work on the pure rotational spectrum of hot water in the (000) and (010) vibrational states are also reassigned and some further assignments are made. ᭧ 1997 Academic Press
I. INTRODUCTION
calculation using a highly accurate potential energy surface (5) (6) (7) (8) . Thus, for example, Polyansky et al. (5) performed a variational fit to energy levels with J less than 15, but The spectrum of hot water has a number of important appliobtained excellent agreement with the highest observed levcations but presents a major experimental and theoretical chalels up to J Å 35. When we used variational calculations in lenge. For example, detailed high-resolution spectra of sunthe analysis of the n 2 manifold, we were able to greatly spots covering a large range in the infrared have been obextend the range of both J and K a levels. In addition we served (1, 2) . These dense spectra are almost totally detected transitions in the previously unknown 5n 2 0 4n 2 unassigned. In order to assign this spectrum and other hot band (9) . water spectra we have been analyzing the laboratory spectra
The motivation for the present work was to assign the of hot H 2
16
O.
remaining strong transitions in the water spectrum presented In a recent paper, henceforth known as I, Polyansky et al. in I. These assignments are needed to provide a basis for (3) presented measurements of the 1550ЊC water spectrum in the analysis of the many weaker lines also present. An underthe region 400-900 cm 01 . More than 4000 lines were obstanding of both strong and weak lines is necessary to underserved and about 600 were assigned as lines belonging to pure stand the very dense hot water spectrum in sunspots (1, 2) . rotational transitions in the (000) and (010) vibrational states.
As will be shown, these assignments significantly extend At least 300 very strong lines remained unassigned.
our knowledge of the excited energy levels of water in the The assignments in I were made using a Padé -Borel efground and excited vibrational states. fective Hamiltonian (4) and a procedure suitable only for
The extension of the water energy levels to high values of working with isolated vibrational states. The accuracy of the K a is well known to be particularly difficult. Levels with high prediction of the highest rotational energy levels was about K a are very sensitive to the small angle regions of the potential 2 cm 01 , which was not sufficient for a complete analysis of energy surface which are relatively poorly characterized by a spectrum with a line density of about 15 lines per cm 01 . the available experimental data (5, 6) . The high K a levels are One reason for this low accuracy was the relatively small also strongly affected by adiabatic effects due to the breaknumber of constants used to fit the data.
down of the Born-Oppenheimer approximation ( 7) . As pointed out in I, a natural method for analyzing the In this work, we extend K a assignments for (010) from data which involves tens of vibrational states is a variational 19 advance has been made for the (020) state where the highest firming and suggest that such transitions will be common in the spectra of hot molecules.
II. ANALYSIS
The experimental details of the observation of the hot water spectrum at 1550ЊC have been described in I. Here we use the transition frequencies and intensities reported there.
The analysis in the present study, as in Ref. (9), has been carried out using variational calculations of the water energy levels (7) which employed a preliminary fit to the highly accurate, ab initio Born-Oppenheimer potential energy surface calculations of Partridge and Schwenke (8) . Effects beyond the Born-Oppenheimer approximation were accounted for by an ab initio adiabatic surface (7) as well as the use of masses halfway between nuclear and atomic observed K a has been extended from 10, in Refs. (11, 12) , to 18. This jump was made possible by the observation of difference band transitions, starting at J Ç 10. These difference band transitions were not recognized previously and had served as a barrier to further assignments. A number of linked phenomena occur in this region: crossings between levels of the (020) state and (100) state, intensity stealing because of the near degeneracy of the rotational energies, and mixing of the wavefunctions of the two different vibrational states. We also find other, more localized crossings which lead to a number of difference band transitions.
Although difference bands are by no means a new phenomenon, they are rare for pure rotational spectra. Previous examples are known for acetylene and diacetylene where, for example, the difference between two bending modes is seen at 2.4 cm 01 for HC 4 H (13). We label these bands rotational difference bands and note that they have the unusual property that the vibrational states involved can appear as both the ''upper'' and the ''lower'' state in the same spectrum. We show that these rotational difference bands Note. These transitions were assigned on the basis of mixing as given in Ref. (14) . All energies and transition frequencies are in cm 01 and intensities (I) in arbitrary relative units.
masses for the H atoms to partially allow for nonadiabatic that the (020) state energy levels with the same J begin to be higher than those of the (100) state. Figure 1 illustrates effects (7) .
As in our analysis of the n 2 manifold, we define trivial the relative position of the K a Å J levels of the three vibrational states (020), (100), and (001) and the sharp break assignments as those for which experimental energy levels are known from previous work. We started our analysis at K a Å 10 is clearly seen. It appears that this crossing of energy levels mixes the wavefunctions. Mixed wavefuncby making all possible trivial assignments to the rotational spectrum in the (100) and (001) vibrational states, using tions mean that not only are pure rotational transitions within each vibrational manifold observable, but that the correthe levels determined by Flaud et al. (10) . Frustratingly, we were unable to make trivial assignments for lines of (100) sponding difference transitions linking the (100) and (020) states should also be seen. Furthermore, given the levels and (020) with K a higher than 9. Lines involving K a Å 10 were unexpectedly found to be of much lower intensity. involved in the pure rotational transitions, the frequencies of the difference transitions become exactly determined and Assignments, however, for the corresponding lines of (001) were made without any problems.
their observation serves as a direct confirmation of the identity of the interacting levels. At this point we found that assignments could be made using the variational calculations. In this case we concenWe checked for the occurrence of rotational difference bands, that is, the existence of not only (100) -(100) and trated on the strong transitions in the original spectrum which were generally separated by 1 to 2 cm 01 . Typically the posi-(020) -(020) transitions, but also of the (100) -(020) and (020) -(100) transitions. The results given in Table 1 contions of these strong transitions were estimated with an accuracy of Ç0.2 cm 01 by the variational calculations, which is firm their presence for K a Å 10. We also found somewhat weaker difference band transitions with K a Å 9, 11, and 12, close enough to make assignments with confidence. As will be shown below, for some transitions it is possible to confirm but failed to find any for other values of K a .
Having found these rotational difference transitions we also these assignments using self-consistent criteria.
It was not possible to assign K a Å 10 levels for the (100) decided to search for other energy level crossings that might lead to extra transitions. In fact Flaud and Camy-Peyret (14) state using purely trivial assignments. This is because of the unexpected drop in intensity for transitions involving the had already noted states which were mixtures between (100) and (001) when analyzing the fundamental band spectra. Trivpreviously published (10) (100) K a Å 10 levels, which we used for the trivial assignments. This implies that these rota-ial analysis of these interacting states led us directly to other rotational difference transitions (see Table 2 ). tional transitions do not, in fact belong to just the (100) state. It seemed that it was not possible to make trivial assignments Once our analysis of the rotational difference bands was complete, we were certain that nothing mysterious happens beyond this K a value. However, our analysis showed that for K a ¢ 11 it is indeed possible to continue making trivial to transitions with K a Å 10. The behavior of these lines can be explained by intensity stealing and the appearance of assignments using the data of Flaud et al. These lines are again very strong as expected for rotational transitions be-the rotational difference bands. We then proceeded with the assignment of higher J, K a lines. We assigned lines with K a longing to the (100) vibrational state.
Our hypothesis was that there is intensity stealing between as high as 20 for (100) and (001) and 18 for (020) vibrational states by comparison with the variational calculations. the (100) and (020) bands, since it is exactly at K a Å 10 to the (020), (100), and (001) vibrational states.
Arbitrary Relative Units
The assignments in I used a single vibrational state Padé -Borel effective Hamiltonian (4). We found that some of the lines reported in I were misassigned. We checked our assignments, particularly those pointed out to us as suspicious by Coudert (15) , and found that the majority of the lines reported in I were assigned correctly. In particular all lines belonging to the ground vibrational states proved to be correct. About 10 lines from the (010) state, though, were suspicious. In each case alternative assignments have been found which agree significantly better with the variational calculations. They are presented in Table 6 . Table 7 presents a number of new assignments that we were able to make for the (000) and (010) bands in the course of this work.
In paper I we presented tables of energy levels derived from the experimental data. Since some lines, starting with J Å 17, turned out to be misassigned, the system of energy levels for the (010) state presented in I is incorrect for J higher than 16. Table 8 presents revised energy levels for the high K a levels of the (010) state which are derived from the reassigned lines of Table 6 and the new assignments of Table 7 .
III. DISCUSSION
Since at least some of the levels involved in the transitions reported in Table 2 were known (14) prior to our work, we expected to find pure rotational and rotational difference band transitions in standard compilations of water transitions such as HITRAN (16) and the water ''atlas'' (17) . In fact, neither the pure rotational transitions nor the difference band lines are present in the atlas, and HITRAN contains only the pure rotational transitions. Thus, the major water line lists, widely used for spectral synthesis and modeling, do not contain these difference bands. It should be emphasized that although the cases listed in Table 2 are caused by isolated interactions, the (020) -(100) rotational difference band transitions given in Table 1 are not. Difference bands result in a doubling of the number of lines observed for all states with J ¢ K a and K a equal to 9, 10, 11, or 12.
Rotational difference band transitions arise naturally from any variational calculations based on a full Hamiltonian. It is therefore to be expected that they should occur in a variationally calculated database. Partridge and Schwenke (8) report a number of cases where they find extra lines in comparison with HITRAN. It would appear that most of these are rotational difference band transitions.
It may be thought that rotational difference band transitions are relatively weak, arising from small interactions. In many cases, particularly for the (020) -(100) lines with K a Å 10, this is not true; the intensity is fairly evenly distributed between all four possible transitions. This implies that the underlying wavefunctions are strongly mixed. In principle it should be possible to use the intensity data to extract However, in most cases it was not possible to get consistent solutions for such a model and we were forced to conclude information on the degree of mixing. We tried to do this using simple mixing coefficients and the assumption that that mixing occurs in all states involved in the transitions.
We are currently addressing this problem using variational mixing occurred only in either the upper or the lower state. of water transitions. There is one qualitative aspect of the values of high K a energy levels in water which should be mentioned. The appearance of fourfold, Type I, clusters in highly excited rotational states has been observed experimentally for H 2 Se (18), but the structure of the levels was predicted to be significantly different in the ground vibrational state of water (5). Kozin and Jensen (19) rediscovered Type II clusters, first predicted by Lehmann (20) , for (100) and (001) vibra- After overcoming the assignment problems associated State with the rotational difference bands, we were able to significantly increase the number of assigned lines belonging to the (020) vibrational state. Lines involving levels up to K a Å 18 were assigned for (020). Previously only levels up to K a Å 10 were known for this state. We note that a few of the high K a assignments of Toth (11) are not correct but those of Ref. (12) are in agreement with the work reported here and in Ref. (9) . These new levels should be particularly sensitive to the potential at small HÔ H angles and will therefore provide new information for the potential. We expect rotational difference bands to be common in the rotational spectrum of hot water, in particular, and hot molecules in general. For example, we have already detected such bands in the (030), (011), and (110) water polyad (22) .
